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Identifying neural correlates of conscious perception is a fundamental endeavor of cognitive neuroscience. Most studies so far have
focused on visual awareness along with trial-by-trial reports of task-relevant stimuli, which can confound neural measures of per-
ceptual awareness with postperceptual processing. Here, we used a three-phase sine-wave speech paradigm that dissociated between
conscious speech perception and task relevance while recording EEG in humans of both sexes. Compared with tokens perceived as
noise, physically identical sine-wave speech tokens that were perceived as speech elicited a left-lateralized, near-vertex negativity,
which we interpret as a phonological version of a perceptual awareness negativity. This response appeared between 200 and
300 ms after token onset and was not present for frequency-flipped control tokens that were never perceived as speech. In contrast,
the P3b elicited by task-irrelevant tokens did not significantly differ when the tokens were perceived as speech versus noise and was
only enhanced for tokens that were both perceived as speech and relevant to the task. Our results extend the findings from previous
studies on visual awareness and speech perception and suggest that correlates of conscious perception, across types of conscious
content, are most likely to be found in midlatency negative-going brain responses in content-specific sensory areas.
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Significance Statement

How patterns of brain activity give rise to conscious perception is a fundamental question of cognitive neuroscience. Here, we
asked whether markers of conscious speech perception can be separated from task-related confounds. We combined sine-
wave speech—a degraded speech signal that is heard as noise by naive individuals but can readily be heard as speech after
minimal training—with a no-report paradigm that independently manipulated perception (speech vs nonspeech) and task
(relevant vs irrelevant). Using this paradigm, we were able to identify a marker of speech perception in midlatency responses
over left frontotemporal EEG channels that were independent of task. Our results demonstrate that the “perceptual awareness
negativity” is present for a new type of perceptual content (speech).

Introduction
How conscious perception emerges from brain activity is a fun-
damental question in neuroscience (Snyder et al., 2015; Dykstra
et al., 2017). Using the so-called contrastive method—contrasting
conditions that are equivalent in every respect except for their

conscious perceptual contents (Baars, 1988, 2002; Crick and
Koch, 1990, 1998, 2003; Dehaene et al., 2003, 2006)—several
electroencephalography (EEG) studies have identified (1) an
early (∼100–300 ms poststimulus onset), negative-going
response in sensory cortices, and a later (>300 ms), positive-
going response near Pz associated with perception. The early
response has been termed the perceptual awareness negativity
(PAN; Dembski et al., 2021) and the latter the P3b or “late pos-
itivity” (Polich, 2007; Halgren, 2008; Dehaene and Changeux,
2011). Modality-specific versions of the PAN have been recorded
in at least three sensory modalities: visual (VAN; Koivisto and
Revonsuo, 2010; Pitts et al., 2012; Shafto and Pitts, 2015;
Eklund and Wiens, 2018), auditory (AAN; Hillyard et al., 1971;
Gutschalk et al., 2008; Dykstra and Gutschalk, 2015; Eklund
and Wiens, 2019), and somatosensory (SAN; Jones et al., 2007;
Auksztulewicz et al., 2012; Schröder et al., 2019).

One potential confound present in many such studies is the
requirement that participants report their percept on a
trial-by-trial basis, which may introduce neurocognitive
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processes beyond those sufficient for perception (Overgaard,
2004; Aru et al., 2012; Tsuchiya et al., 2015) and overestimate
perception-related brain activity. Indeed, more recent paradigms
capable of dissociating perception- and task-related brain activity
(Panagiotaropoulos et al., 2012; Pitts et al., 2012; Shafto and Pitts,
2015; Kapoor et al., 2018; Cohen et al., 2020; Schlossmacher et al.,
2021; Sergent et al., 2021) have consistently shown that under
“no-report” conditions in which critical stimuli are perceived
but not reported on a trial-by-trial basis, the P3b is abolished,
but the PAN remains.

One such design uses inattentional blindness and indepen-
dently manipulates perception and task relevance of critical sti-
muli across different phases of the experiment (Pitts et al.,
2012; Shafto and Pitts, 2015). In phase 1, participants remain
naive to critical stimuli and perform an orthogonal task. In phase
2, participants perform the same orthogonal task after being
made aware of the critical stimuli. Finally, in phase 3, participants
perform a task directly on the critical stimuli. Ideally, this design
renders the critical stimuli perceived in phases 2 and 3 (but not
phase 1), and task-relevant in phase 3 (but not phases 1 and 2).
By comparing neural responses across phases 1 and 2, correlates
of perception in the (near-)absence of task relevance can be iso-
lated. Similarly, by comparing responses across phases 2 and 3,
correlates of task relevance can be identified with few corre-
sponding changes in perception. However, very few nonvisual
studies have utilized such a design (Schlossmacher et al., 2021).

Here, we adapted this design for use with sine-wave speech
(SWS; Remez et al., 1981; Remez, 2008), a synthetic audio signal
comprising 3–4 frequency-modulated (FM) sine tones generated
by removing natural speech cues (e.g., pitch) but preserving
the time-varying frequencies and amplitudes of formants.
Naive SWS listeners typically report hearing “whistles,”
“science-fiction,” or other “computer-generated” sounds
(Tuomainen et al., 2005; Davis and Johnsrude, 2007; Van
Hedger et al., 2019; Cooke et al., 2022). However, listeners that
know either the identity of the SWS utterance or, to a lesser
extent, that the utterance is speech often immediately recognize
the speech content in SWS. Such a dramatic difference in percep-
tion of SWS despite zero changes to the stimulus lends itself well
to the three-phase design discussed above. We recorded EEG
during a three-phase experiment and predicted that a

phonological version of the PAN would be elicited in phases 2
and 3, after participants were made aware of the identity of the
SWS tokens, but not in phase 1, when participants remained
naive to the SWS. We further predicted that a P3b would be elic-
ited by SWS tokens only in phase 3, when such tokens were task
relevant.

Materials and Methods
Ethics statement. All procedures were approved by the ethics com-

mittee at Reed College, and all participants gave written informed con-
sent prior to their participation.

Participants. Thirty undergraduate students of both sexes from Reed
College between the ages of 18 and 23 participated in the study. All had
normal or corrected-to-normal vision, no history of brain injury, self-
reported normal hearing, and no known history of neurological disor-
ders. Twelve were excluded from the study because they spontaneously
became aware of the speech content in the SWS tokens during phase 1
(i.e., Noticers), and one was excluded because they failed to recognize
the words in the SWS tokens after SWS training (i.e., Never noticed).
This left 17 participants of both sexes in our final analysis (i.e.,
Non-noticers).

Stimuli. The stimuli used for this study consisted of three pure tones
(500, 1,250, and 2,000 Hz) and three SWS tokens (“brain,” “wave,” and
“yard”) chosen based on pilot experiments as well as the fact that they
avoid voiceless consonants that do not translate well to SWS. The orig-
inal words were recorded by a male speaker and converted to sine-wave
speech using Praat (Boersma and van Heuven, 2001). Praat utilizes a for-
mant tracker to detect formant frequencies and synthesize sine waves
that track the center of these formants. Six additional SWS tokens
(“chill,” “church,” “language,” “speech,” “world,” and “zombie”) served
as “foil” stimuli during an intervening word recognition test between
phases 1 and 2 of the main experiment (compare Experimental para-
digm) but were not presented in any experimental phase. The pure tones
were 600 ms in duration, while the SWS stimuli ranged from ∼480 to
600 ms in duration, and all stimuli were presented at ∼46.5 dB.

Control versions of the SWS tokens were constructed by “flipping”
the frequencies of the second and third formants within a band- and
time-limited region defined using amplitude thresholds specific to each
token (Fig. 1). Specifically, for the lower-frequency bound, we first iden-
tified the global maximum of the spectral magnitude, followed by iden-
tifying the adjacent local minimum. This minimum point served as our

Figure 1. Flow diagram for creating frequency-flipped SWS tokens (A) and resulting SWS stimuli (B). A, Adapted from Lyons (2010). B, Original SWS token for the word â brainâ (left panels)
and itâ s flipped counterpart (right panels), where F2 and F3 have been flipped about a center frequency axis within a time- and band-limited region of the spectrogram. The resulting amplitude
envelope (panels above spectrograms) and long-term spectra (panels to the right of spectrograms) are similar between original and flipped tokens.
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lower frequency bound for the spectral flipping procedure. The upper
frequency bound was taken as the frequency point at which the spectral
energy first dipped below 0.1% of the global maximum. Temporal
bounds for the flipping procedure were defined in a similar manner,
by thresholding the temporal envelope at 5% of the global maximum
of the envelope signal (computed as the absolute value of the analytic sig-
nal, low-pass filtered below 100 Hz). After identifying these spectral and
temporal bounds, the bounded signal was flipped using the time-domain
algorithm proposed by Bell (Lyons, n.d.) and outlined in Lyons (2010;
Fig. 1A) and recombined with the remaining, unflipped portions of the
signal. Importantly, this time-domain flipping method preserves phase
information (which is not possible using methods based on the fast
Fourier transform and its inverse) and therefore does not introduce
spectrotemporal discontinuities.

This process resulted in “flipped” control SWS tokens that were oth-
erwise identical to the normal SWS tokens (Fig. 1B) but not intelligible.
Such a spectral manipulation is similar to spectral rotation first carried
out by Blesser (1972) and used by several previous studies examining
the neural basis of speech perception (Scott et al., 2000; Narain et al.,
2003; Möttönen et al., 2006; Wild et al., 2012). However, our spectral
manipulation is more subtle and in particular, preserves the spectral
location and dynamics of the first, dominant formant (F1). Both the
amplitude envelopes and long-term spectra are quite similar between
flipped and unflipped SWS tokens. The main purpose of these control
stimuli was to ensure that any neural differences observed between
SWS stimuli in phase 2 (perceived as speech) versus phase 1 (perceived
as noise) were not due to condition-order effects. In other words, because
the control stimuli can only be perceived as noise, any neural changes
between phase 1 and 2 for these stimuli can be ruled out as potential indi-
ces of conscious speech perception.

Experimental paradigm. The experiment took place across three
phases in which participants performed a category-selective one-back
memory task (on pure tones for phases 1 and 2 and on SWS tokens
for phase 3). We presented each stimulus (3 SWS, 3 flipped controls,
and 3 tones) 100 times in each phase (i.e., 300 SWS, 300 controls, 300
pure tones, 900 total stimuli per phase). Thirty percent of the stimuli
were one-back trials (90 stimuli of each category; 30 of each individual
stimulus type), and these were discarded from EEG analysis. This left
us with 210 trials per stimulus category, per phase, prior to artifact rejec-
tion. Across all three phases, hit rates, false alarm rates, and reaction
times to the one-back targets were measured. Presentation software
(Neurobehavioral Systems) was used to control stimulus presentation
and collect behavioral responses with an RB-830 Cedrus button box
(Cedrus). To help subjects avoid eye movements, we presented a fixation
dot (1° visual angle) constantly throughout the experimental trials.

In phase 1, participants performed a one-back task on pure tones
(pressing a button whenever one of the three pure tones repeated on
adjacent trials) and were unaware of the speech content within the
SWS tokens. In phase 2, participants again performed the one-back
task on the pure tones but were no longer naive to the speech content
in the SWS tokens due to an intervening speech awareness assessment
(compare next paragraph). In phase 3, participants performed a one-
back task on the SWS tokens, making them task-relevant. The control
(frequency flipped) SWS stimuli were always task irrelevant.

Between phases 1 and 2, we assessed each listener’s perception of the
stimuli using a speech awareness assessment. Specifically, participants
were asked to provide confidence ratings regarding the extent to which
they heard the following four categories of sounds: (1) distorted music,
(2) distorted words, (3) distorted environmental sounds, or (4) distorted
animal sounds. Ratings ranged according to the following scale: (1) very
confident I did not hear it, (2) confident I did not hear it, (3) uncertain,
(4) confident I did hear it, and (5) very confident I did hear it. If any lis-
tener gave a confidence rating of 4 or 5 for hearing the “computer-
generated noises” as “distorted words,” they were asked to write down
any words they heard. Any participant who either gave a confidence rat-
ing of 4 or 5 or who identified any of the three words used as SWS in the
study were excluded from further analysis (12 participants were deemed
as Noticers and excluded for this reason). After the speech awareness

assessment, we then administered a training and recognition test.
Participants were trained on nine SWS tokens that included the three
used in the study (“brain,” “wave,” “yard”) as well as six additional
SWS tokens that served as foils (“chill,” “church,” “language,” “speech,”
“world,” and “zombie”). Participants listened to the SWS and original
(i.e., natural) tokens in the order SWS → Original → SWS until the
SWS tokens were clearly perceived as speech. A subsequent 10-way
speech recognition test (nine SWS words, one nonword) was adminis-
tered to confirm that participants were able to recognize the SWS tokens.

The same speech awareness assessment that was administered after
phase 1 was again administered after phase 2, but in this case, any par-
ticipant who did not rate as a 4 or 5 their confidence in hearing “distorted
words” were excluded from further analysis (1 participant, deemed as
Never-noticed, was excluded for this reason).

EEG recording. The EEG was recorded from 96 Ag/AgCl electrodes
in an equidistant montage (EASYCAP) using Brain Vision Analyzer
(Brain Vision) at a sampling rate of 500 Hz. Electrode impedances
were kept below 5 kΩ. EEG data were filtered online with a 0.1 Hz high-
pass and a 150 Hz low-pass filter (both filters: 12 dB/oct roll-off) and
amplified by three 32-channel amplifiers (Brain Amp Standard, Brain
Products). The online reference electrode was positioned at CPz. All
recordings were conducted inside an electrically shielded, double-walled
sound booth (Industrial Acoustics) located in the Department of
Psychology at Reed College. Eye movements and eyeblinks were moni-
tored by left and right horizontal EOG channels and a vertical EOG
channel under the left eye, respectively. EEG data from all 30 participants
were published on an OSF repository, including the 17 participants
included in the analyses reported here, and the 13 participants excluded
from analysis, along with behavioral data for all participants (https://osf.
io/dsmjp/).

Preprocessing. Preprocessing was done in Brain Vision Analyzer
(Brain Vision). EEG data were filtered off-line with a 25 Hz low-pass
filter (24 dB/oct roll-off), re-referenced to the common average refer-
ence, and epoched from −200 to 800 ms with respect to stimulus onset.
Any epochs containing deflections larger than 70 µV were rejected.
Overall, we retained 162 trials (on average) from 210 trials per phase
and stimulus condition (22.8% rejection rate). All remaining epochs
were baseline corrected using the mean signal in the prestimulus baseline
period (−200 to 0 ms with respect to stimulus onset). All trials in which
the same stimulus was repeated (i.e., one-back trials) were excluded from
further analysis.

Mass univariate analysis. Mass univariate analyses (MUAs; Maris
and Oostenveld, 2007; Maris, 2012) were performed in MNE-Python
(Gramfort et al., 2014) using a combination of cluster-based two-way
ANOVAs and, when necessary, cluster-based post hoc paired compari-
sons. To examine effects of phase (phase 1, phase 2, phase 3) and stimulus
type (SWS, flipped SWS), we carried out two two-way ANOVAs: (1)
phase 1 versus phase 2 for SWS and flipped SWS and (2) phase 2 versus
phase 3 for SWS and flipped SWS. In light of the significant clusters
found for the interaction component of the first ANOVA (phases 1
and 2, SWS and flipped SWS; compare Results), subsequent paired com-
parisons were made (1) between phases (phase 1 vs phase 2) for SWS, (2)
between phases (phase 1 vs phase 2) for flipped SWS, (3) between stim-
ulation types (SWS vs flipped SWS) in phase 1, and (4) between stimu-
lation types (SWS vs flipped SWS) in phase 2. Our first hypothesis was
that there would be significant differences in early latency ranges between
phase 2 and phase 1 for SWS, but not for “flipped” SWS, reflecting the
difference in how SWS tokens, but not “flipped” SWS tokens, are per-
ceived in phase 2 (as speech) versus phase 1 (as noise). Our second
hypothesis was that a P3b would only be observed in phase 3 and would
therefore appear as a difference in later latency ranges between phase 3
and phase 2 for SWS, but not “flipped” SWS. For each of the compari-
sons, correction for multiple comparisons was carried out using the
cluster-based permutation. The cluster-level F statistic or T statistic
was taken as the sum of contiguous test statistics (i.e., F or T values)
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when sample-level p values were <0.05. A continuous spatial–temporal
cluster was defined by adjacent channels at continuous temporal inter-
vals. Channel adjacency was calculated using Delaunay triangulation
based on 2D channel locations (Smith and Nichols, 2009). To determine
significance of the cluster-level statistic, we shuffled the condition labels
10,000 times to produce a null distribution of cluster-level statistics.
Cluster summary statistics were compared with the null distribution,
and clusters for which summary statistics exceeded the 95th percentile
of the null distribution were considered significant (corresponding
to p < 0.05 at the cluster level; Maris and Oostenveld, 2007; Maris, 2012).

Bayes factors. In contrast to the frequentist approach of null-
hypothesis significance testing (NHST) where nonsignificant tests can-
not be used as evidence in favor of the null hypothesis, Bayes factors
can be used to interpret data as being evidence for or against the null
hypothesis (Dienes, 2014; Dienes and Mclatchie, 2018; Wagenmakers
et al., 2018). Here, we computed Bayes factors on behavioral data as
well as clustered, windowed, and averaged ERP responses using paired
versions of the ttestBF function in the BayesFactor package available
for R (Morey, 2023). The default assumptions for this function include
that the true standardized difference is 0 under the null hypothesis
and Cauchy distributed with a scale r=√2/2 under the alternative
hypothesis.

Multivariate pattern analysis. Multivariate pattern analysis (MVPA)
was performed in MNE-Python using ERP data across all 96 channels,
filtered between 0.05 and 20 Hz and resampled at 50 Hz. Stimulus type
(SWS vs flipped SWS) was decoded within each of the three phases
(phase 1, phase 2, phase 3) separately. Our hypothesis was that classifica-
tion of stimulus type in phase 1 should be at chance levels due to the fact
that all 17 of the participants included in our analysis reported hearing
these stimuli as noise in this initial phase of the experiment. In contrast,
after participants weremade aware of the SWSword tokens and thus per-
ceived them as speech, classification between SWS and flipped SWS in
phase 2 should be significantly above chance, at least during some por-
tion of the time window. Furthermore, when the SWS tokens were
made task relevant in phase 3, we expected further enhancements of clas-
sification accuracy between SWS and flipped SWS. Classification differ-
ences of SWS versus flipped SWS tokens between phases 1 and 2 should
reveal information in the ERPs about perceptual differences; classifica-
tion differences between phases 2 and 3 should reveal information in
the ERPs about task relevance. We used support vector machines as
the decoding model (linear kernel function, C= 1) and input the ampli-
tude values over all 96 channels of the respective ERPs at each time point
to the models. We used threefold cross-validation and reported the aver-
age area under the curve (AUC) of the receiver operating characteristic
across the three folds (chance level = 0.5) at each time point.
Cluster-based permutation tests were used to correct for multiple com-
parisons and test for temporal windows of above-chance decoding
AUC (p < 0.05 at the cluster level; Maris and Oostenveld, 2007; Maris,
2012; Bae and Luck, 2019). The sample-level T statistics were derived
from one sample t tests for above-chance mean decoding AUC across
participants at each time point. The cluster-level T statistic was taken
as the sum of contiguous T values when sample-level p values were
<0.05. To determine significance of the cluster-level T statistic, we
shuffled the condition labels 10,000 times to produce a null distribution
of cluster-level T statistics. Cluster summary statistics were compared
with the null distribution, and clusters whose cluster-level statistic
exceeded the 95th percentile of the null distribution were considered
significant (corresponding to a cluster-level p value <0.05). Similarly,
we performed a threefold temporal generalization (TG) analysis (King
et al., 2014; King and Dehaene, 2014) across all three phases between
SWS versus flipped SWS. We also used 10,000 times cluster-based per-
mutation to correct for multiple comparisons for nearby time points
on temporal generalized maps. We also report the average multivariate
weights map across all threefold models for each phase decoding
(Haufe et al., 2014).

Results
Behavior
In phases 1 and 2, participants performed a one-back detection
task on pure tones in order to (1) maintain their attention to
stimuli and (2) render SWS tokens task irrelevant. On average,
participants detected 99% of such pure-tone repetitions in phase
1 (mean ± 95% confidence interval = 99.15 ± 0.77) and 97% of
such pure-tone repetitions in phase 2 (97.06 ± 1.47). This
difference, though small, was statistically significant (T16 = 2.74;
p < 0.05; BF10 = 3.98). False alarms weremore common in phase 2
(0.37 ± 0.34%) than those in phase 1 (0.04 ± 0.03%) but remained
low overall and did not differ significantly between the two
phases (T16 =−2.0; n.s.), although weak evidence was found
in favor of a difference in false alarm rates between phases
(BF10 = 1.24). Reaction times did not significantly differ between
phase 1 (277.49 ± 36.56 ms) and phase 2 (284.73 ± 44.22 ms;
T16 =−0.73; n.s.; BF10 = 0.32).

After each of the first two phases, participants were asked to
report their confidence in hearing distorted music, distorted
words, distorted environmental sounds, or distorted animal
sounds (Fig. 2). Across all participants in our final analysis
(N= 17), none gave a confidence rating >3 for hearing distorted
words in phase 1. Confidence ratings for other categories varied.
Similarly, only one of the 17 participants reported hearing words
in phase 1, and none of the words identified by that participant
included any of the three SWS tokens that were present in the sti-
muli. Thus, we can be confident that none of the 17 participants
in our final analysis heard the words in the SWS stimuli in phase 1.

After phase 1, we also administered a SWS training session and
a speech recognition test to ensure that participants were able to
identify the SWS tokens (compare Materials and Methods). After
the training session, participants correctly identified 94% of all
nine SWS tokens and 99% of the three SWS tokens (“brain,”
“wave,” “yard”) that served as the critical stimuli in phases 1, 2,
and 3 of the main EEG experiment. Due to this training and recog-
nition testing after phase 1, the speech awareness assessment
administered after phase 2 resulted in confidence ratings for hear-
ing distorted words at ceiling levels for all 17 participants included
in our final analysis (Fig. 2), and all but one listener reported hear-
ing the specific tokens “brain,” “wave,” and “yard” during phase 2
(the remaining listener heard both “brain” and “wave” but not
“yard”). The mean difference in confidence ratings for words was
3.18 ± 0.45 (mean± 95% confidence interval). Thus, while partici-
pants most likely did not hear any words in phase 1, they almost
certainly heard the three specific words in phase 2 (T16 = 14.84;
p<<0.001; BF10 >> 100), even though the stimuli were physically
identical across phases. Confidence ratings for other categories
remained variable but did decrease significantly between phases 1
and 2 for music (T15 =−2.52; p<0.05; BF10 = 2.73), environmental
sounds (T15 =−3.15; p<0.01; BF10 = 7.70), and animal sounds
(T15 =−2.78; p< 0.05; BF10 = 4.16). The correspondingmean differ-
ences in confidence ratings were−0.56 ± 0.46 (music),−0.69 ± 0.45
(environmental sounds), and −0.88 ± 0.65 (animal sounds).

In phase 3, the participants performed a one-back task on the
SWS tokens, making them task relevant. Listeners detected
nearly 94% of such one-back SWS tokens (93.55 ± 3.32; mean ±
95% confidence interval), but hit rates in phase 3 were not as
high as the hit rate for tones in phase 1 (T16 =−3.95; p < 0.01;
BF10 = 33.59) or phase 2 (T16 =−2.61; p < 0.05; BF10 = 3.17).
False alarm rates were significantly higher for the one-back
task in phase 3 (2.97 ± 2.23) as compared with those in phase 1
(T16 = 2.78; p < 0.05; BF10 = 4.22) or phase 2 (T16 = 2.60;
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p < 0.05; BF10 = 3.11) but remained low overall. We attribute the
higher false alarm rate in phase 3 to the fact that the “flipped”
control versions of the SWS tokens were perceptually more
similar to the nonflipped tokens than the pure tones were to
either the flipped or unflipped SWS tokens. In other words, the
one-back task was easier in phases 1 and 2 than that in phase 3.

EEG
Because our hypothesis was that we should only observe differ-
ences in ERPs between phases for SWS tokens (and not
frequency-flipped SWS tokens), and because we did not have
strong a priori hypotheses about when or where such differences
would manifest, we first carried out a cluster-based two-way
ANOVA for each contrast of interest, each with two factors,
where each factor had two levels. Both ANOVAs included factors
of phase (either phase 2 vs phase 1 or phase 3 vs phase 2) and
stimulation type (SWS vs flipped SWS). The first ANOVA (phase
2 vs phase 1 and SWS vs flipped SWS) revealed a single signifi-
cant cluster for the two-way interaction (Fig. 3A).

Subsequent cluster-based paired t tests revealed a single sign-
ificant cluster across phases for SWS tokens (Fig. 3B), which were
perceived as speech in phase 2 but as noise in phase 1. No such
cluster was found for flipped SWS tokens, which were perceived
as noise in both phases (Fig. 3C). This difference between phase 2
and phase 1 for unflipped SWS was clear in both the ERP topog-
raphy and waveforms as a difference between ∼200 and 300 ms
over left anterocentral scalp sites (Fig. 3D). The size of this
effect, as measured by the difference (phase 2− phase 1) in ampli-
tude of the clustered waveforms between 150 and 350 ms, was
−0.54 ± 0.26 µV (mean ± 95% confidence interval; Cumming,
2014). In contrast, no such difference was observed for the
frequency-flipped SWS tokens (Fig. 3E; effect size, −0.06 ±
0.21). To determine whether the evidence in each case supports
either the null hypothesis (no difference between phases) or the
alternative hypothesis, we used Bayes factors. The average differ-
ence in amplitude between phase 2 and phase 1 from 150 to
350 ms for SWS (Fig. 3D) yielded a Bayes factor of BF10 =
71.26, indicating strong evidence in favor of a difference between
the two phases for SWS. In contrast, the average difference in
amplitude between phase 2 and phase 1 from 150 to 350 ms

for flipped SWS (Fig. 3E) yielded a Bayes factor of BF10 = 0.30,
indicating substantial evidence in favor of no difference between
the two phases for flipped SWS.

Cluster-based paired t tests between SWS and flipped SWS
within phases showed two significant clusters from different
areas depending on phase. In phase 1 (Fig. 3F), a brief difference
was observed from∼190 to 250 ms over posterocentral scalp sites
(a difference topography between SWS and flipped SWS and cor-
responding waveforms for phase 1 is shown in Fig. 3H). Note
here that this posterocentral difference between SWS and flipped
SWS in phase 1, while not significantly different in phase 2,
showed a similar numerical difference in scalp topographies
across the phases (i.e., compare topographies in Fig. 3H,I). In
phase 2, a longer-lasting difference over lateralized anterocentral
scalp sites was observed from ∼150 to 350 ms (Fig. 3G; a differ-
ence topography between SWS and flipped SWS and correspond-
ing waveforms for phase 2 is shown in Fig. 3I). Note that while
this difference was bilateral, the left-lateralized location of the
difference between SWS and flipped SWS tokens in phase 2
was similar to the difference between phases 1 and 2 for SWS
(compare Fig. 3B,G as well as Fig. 3D,I). The size of these effects,
as measured by the difference (SWS− flipped SWS) in amplitude
of the clustered waveforms between 150 and 350 ms, was−0.14 ±
0.20 (mean ± 95% confidence interval) in phase 1 (Fig. 3H, top
traces) and −0.45 ± 0.21 in phase 2 (Fig. 3I, top traces). The
corresponding Bayes factors were BF10 = 0.58 in phase 1 and
BF10 = 82.08 in phase 2, indicating weak evidence for no differ-
ence in phase 1 and strong evidence for a difference in phase 2.

For phase 3 versus phase 2 (SWS perceived as speech in both
phases, but task relevant in phase 3 and task irrelevant in phase
2), no significant clusters were observed for the two-way interac-
tion between phase (phase 3 vs phase 2) and stimulation type
(SWS vs flipped SWS; data not shown). However, we did observe
significant clusters for the main effects of phase (phase 3 vs phase
2) and stimulation type (SWS vs flipped SWS).

For phase (Fig. 4A), three significant clusters were observed:
(1) a phase 3 > phase 2 posterocentral (near Pz, but slightly
left-lateralized) positivity between ∼400 and 800 ms, (2) a phase
3 > phase 2 anterocentral (near FCz) negativity between ∼400
and 800 ms, and (3) an early difference over central (near Cz)

Figure 2. Three-phase sine-wave speech paradigm (A) and behavioral results (B,C). A, SWS tokens were task-irrelevant in phases 1 and 2, when participants performed a one-back task on
pure tones. All 17 participants included were naive to the presence of speech in phase 1 but informed in phase 2 due to an intervening speech awareness assessment and training on SWS. The
same awareness assessment was given after phase 2 to confirm participants heard the speech in that phase before performing a one-back task on the SWS tokens in phase 3, making them task
relevant. B, Rating scores across phases 1 and 2 for four different sound categories. Only words showed a positive-going significant difference between phases 1 and 2, confirming the effec-
tiveness of the intervening awareness assessment and training on SWS. All other categories showed significantly decreased rating scores between phases 1 and 2. * p < 0.05; ** p < 0.01; ***
p < 0.001. C, Number of participants who included specific words in response to free-form questioning after phase 2.
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Figure 3. Continued.
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Figure 4. Results from a mass univariate two-way ANOVA (A and B) and event-related potentials (C and D) for SWS and flipped SWS and phases 2 and 3. A, Significant main effects of phase
across phases 2 and 3 was observed from 0 to 350 ms and from ∼400 to 800 ms. B, Significant main effect of stimulation type between SWS and flipped SWS was observed from ∼350 to
600 ms. C,D, Scalp topographies (phase 3− phase 2) and waveforms for SWS tokens (C) and flipped SWS tokens (D). Symbols in (C) and (D) indicate from which scalp sites the waveforms are
from.

�
Figure 3. Event-related potentials and mass-univariate analyses for SWS and flipped SWS for phases 1 and 2. Significant clusters are plotted with their corresponding F or T values; non-
significant areas are left blank. For all the scalp topographies, waveforms are derived from electrode clusters represented by black dots or the symbol “x.” For all waveform plots, solid traces
represent ERPs in response to SWS tokens, and dashed traces represent ERPs in response to flipped SWS tokens. A, A significant interaction between phase (phase 1 vs 2) and stimulus type (SWS
vs flipped SWS) was observed between ∼150 and 350 ms. B,C, Significant clusters derived from paired t-tests across phases in SWS and flipped SWS tokens. B, Only the SWS tokens showed
significant differences in the ERPs across phases, between ∼150 and 350 ms. C, Any differences observed for flipped SWS were not statistically significant. D,E, Scalp topographies (phase 2 to
phase 1) and waveforms for SWS tokens (D) and flipped SWS tokens (E). F,G, Significant clusters derived from paired t-tests across stimulation types in phases 1 and 2. F, In phase 1, significantly
different ERPs between SWS and flipped SWS were observed, between∼200 and 250 ms over posterocentral scalp sites. G, In phase 2, a significant difference between SWS and flipped SWS was
observed between ∼150 and 350 ms over anterolateral scalp sites. H,I, Scalp topographies (SWS− flipped SWS) and waveforms for phase 1 (H) and phase 2 (I). Symbols in (H) and (I) indicate
from which scalp sites the waveforms are from.
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scalp sites between ∼0 and 350 ms. For the later clusters, these
effects were numerically larger for SWS tokens than those for
flipped SWS tokens (Fig. 4C,D), possibly reflecting the task rele-
vance (in phase 3) of the SWS tokens but not flipped SWS tokens.
However, as stated above, no significant interaction was observed
between phase and stimulation type (compare Discussion).

For stimulation type (Fig. 4B), SWS stimuli generally showed
larger responses in both phases than did flipped SWS stimuli
(Fig. 4, compare black and gray traces across panels C and D).
This effect appeared to be numerically larger for phase 3 than
that for phase 2, but again, no significant two-way interaction
between phase and stimulation type was observed. Finally, sev-
eral earlier task-related effects were also evident in the phase 3
versus 2 contrast for SWS stimuli, possibly reflecting task-based
differences.

Multivariate pattern analysis
To further examine potential differences between conditions, we
performed MVPA on single trials (Fig. 5). We used temporal
generalization (Fig. 5A) and temporal decoding (i.e., the diagonal
of the temporal generalization matrices; Fig. 5B) to carry out
three different classification analyses (SWS vs flipped SWS sti-
muli within phase 1, phase 2, and phase 3). If there are any sign-
ificant differences between SWS and flipped SWS, classification
AUC should be significantly higher than chance at those time
points (temporal decoding along the diagonal) or matrix entries
(temporal generalization). For both the diagonal and temporal
generalization, we hypothesized a larger extent of above-chance
decoding for phase 2 versus phase 1 and for phase 3 versus phase 2.

No significant decoding between SWS and flipped SWS was
observed in phase 1 (Fig. 5A,B, left panels). In phase 2, AUC
was significantly higher than chance between ∼220 and 580 ms
on the diagonal, with maximal decodability ∼300 ms (Fig. 5B,
middle panel). Temporal generalization of this pattern was

mostly confined to entries around the diagonal (Fig. 5A, middle
panel), and any patterns that did generalize off-diagonal
entries were relatively early compared with the pattern
observed in phase 3. In phase 3, AUC was significantly higher
than chance from ∼160 ms to the end of the epoch (Fig. 5B,
right panel). Furthermore, in contrast to phase 2, generaliza-
tion of the patterns decoded in phase 3 extended far off the
diagonal, particularly for later training/testing times (Fig. 5A,
right panel).

Figure 6 shows the averaged MVPA feature weights of all
three folds across all participants of SWS versus flipped SWS in
phases 1, 2, and 3. Feature weight patterns were relatively weak
in phase 1 (Fig. 6A), including some anterior scalp sites
∼300 ms. In phase 2 (Fig. 6B), a strong pattern was observed
bilaterally at anterolateral scalp sites from ∼200 to 400 ms.
This pattern is similar to the T statistic map between SWS and
flipped SWS in phase 2 (Fig. 3G). Here, however, the difference
persisted longer (until ∼600 ms) in right temporal electrodes
until 600 ms. In phase 3, an even stronger pattern than phase 2
was observed bilaterally from ∼200 to 400 ms, with progression
to right temporal electrodes until 600 ms and to central elec-
trodes until the end of the epoch (Fig. 6C).

Discussion
We recorded ERPs to SWS words in a three-phase paradigm in
which we independently manipulated perception and task rele-
vance. In phase 1, listeners were naive to the presence of speech
and heard SWS as noise or whistles. In phase 2, after an interven-
ing awareness assessment and SWS training, listeners were aware
of the presence of speech and heard SWS as speech. In both
phases, SWS was task irrelevant and listeners performed an
orthogonal one-back task on pure tones. In phase 3, after another
awareness assessment, listeners again heard SWS as speech but
performed a one-back task on the now-task-relevant words.

Figure 5. Decoding AUC of SWS versus flipped SWS in phases 1, 2, and 3. A, All nonsignificant matrix entries are reported as AUC values equivalent to the chance level (purple), and only
significant pixels are reported with their corresponding AUC values. B, The black trace represents the averaged AUC across participants, and deep gray shade represents the AUC standard error
across participants. Significant clusters were plotted with light gray shading under the AUC trace.
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We observed a novel phonological version of a perceptual aware-
ness negativity and replicated earlier findings showing that the
P3b is associated more with task performance than perceptual
awareness per se.

Perceptual awareness negativity
Perception-related activity for SWS between phase 2 (task-irrel-
evant, perceived as speech) and phase 1 (task-irrelevant, not per-
ceived as speech) as well as between SWS and flipped SWS in
phase 2 was observed as (1) frontocentral scalp negativities
from ∼200 to 300 ms (Fig. 3) and (2) significantly above-chance
decoding between SWS and flipped SWS in phase 2 from∼200 to
600 ms (Fig. 5). No such differences were observed when com-
paring either flipped SWS (always perceived as noise) between
phases 1 and 2 or when comparing SWS and flipped SWS within
phase 1 (both perceived as noise).

The early ERP differences we observed between SWS in
phases 1 and 2 as well as between SWS and flipped SWS in phase

2 can be interpreted as a phonological version of a perceptual
awareness negativity (Dembski et al., 2021), a negative-going
response in modality-specific sensory cortex that covaries with
perceptual awareness. Prior work in audition has identified
such correlates for simple stimuli (i.e., tones; Gutschalk et al.,
2008; Eklund and Wiens, 2019; Fernandez Pujol et al., 2023),
but few have used designs that can dissociate perception from
task relevance (Hillyard et al., 1971; Wiegand et al., 2018;
Sergent et al., 2021). Studies that have employed no-report par-
adigms in audition have found an AAN when participants
were aware of (and could identify) critical word stimuli
(Schlossmacher et al., 2021). The scalp topography of the AAN
reported in that study was less lateralized than the one observed
here. This could reflect idiosyncratic samples or a bilateral effect
in our case that was simply stronger over left versus right scalp
sites for the contrast between phases 1 and 2 (although the
effect was bilateral for the contrast between SWS and flipped
SWS within phase 2).

Figure 6. Topographical EEG patterns for the classification of SWS versus flipped SWS for each of phase 1 (A), phase 2 (B), and phase 3 (C).
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The negativity observed here is consistent with the idea that the
contents of conscious perception arise from specialized processing
in modality-specific cortex (Koch et al., 2016; Boly et al., 2017;
Lamme, 2020; Dembski et al., 2021; but see Bola and
Doradzińska, 2021; Doradzińska and Bola, 2023 for an alternative,
attention-based view). Future work could seek to rule out possible
contributions of attention or word identification (Koivisto et al.,
2017) and identify the generators of these effects to determine
how consistent they are with prior neuroanatomical studies of
speech perception (Hickok and Poeppel, 2015; Scott, 2019).

Neural correlates of speech perception
Prior studies using SWS have observed perception-related differ-
ences at several levels of auditory processing, including auditory
cortex as measured by functional MRI (Dehaene-Lambertz et al.,
2005; Möttönen et al., 2006), high gamma-band activity in
speech–motor cortex as measured by electrocorticography
(Khoshkhoo et al., 2018), and even subcortical processing as
measured by the frequency-following response (FFR; Cheng
et al., 2021). However, as opposed to the contrasts made here,
which were controlled for order and task relevance, prior studies
using SWS have contrasted (1) task-relevant SWS perceived as
speech versus task-irrelevant SWS perceived as noise
(Khoshkhoo et al., 2018), (2) task-relevant SWS perceived as speech
versus task-relevant SWS perceived as noise (Dehaene-Lambertz
et al., 2005; Möttönen et al., 2006), or (3) task-irrelevant SWS per-
ceived as noise versus task-irrelevant SWS perceived as speech,
without within-subject control stimuli (Cheng et al., 2021). These
methodological details are important to consider.

For example, one study recorded electrocorticography in
response to SWS sentences both before and after exposure to cor-
responding natural speech (Khoshkhoo et al., 2018). Compared
with pretraining, SWS sentences post-training elicited larger
high gamma-band activity over speech–motor areas of frontal
cortex. However, patients were required to identify particular
words in the sentences after but not before training, making it
unclear whether this activity was associated with differences in
perception or the task. Few changes were observed in either supe-
rior temporal gyrus or superior temporal sulcus, regions thought
to be involved in perception of (sine-wave) speech from func-
tional MRI studies (Dehaene-Lambertz et al., 2005; Möttönen
et al., 2006). Adapting our three-phase design for use with elec-
trocorticography (or other more spatially resolved methods)
could resolve these discrepancies and help identify the generators
of the PAN reported here.

Another study recorded FFRs to SWS across two sessions in two
groups of participants during passive listening (Cheng et al., 2021).
One group received SWS training between sessions; the other did
not. Compared with the control group, the group who received
SWS training showed more robust formant tracking after versus
before training. This suggests that even subcortical representation
of SWS stimuli is enhanced via perception of the tokens as speech,
particularly given that the frequency of the formants being tracked
in that study (>300 Hz) were well above the typical limit of FFRs in
cortex (∼100 Hz; Tichko and Skoe, 2017; Bidelman, 2018; but see
Hamilton et al., 2021). Such enhancement of subcortical responses
could occur through corticofugal projections (Winer, 2005;
Asilador and Llano, 2021; Lesicko and Geffen, 2022). However,
without incorporating control stimuli into the design (e.g., flipped
SWS), it is difficult to determine whether the neural changes
observed by Cheng et al. (2021) were due to changes in perception
or to something more generic such as changes in expectations or
attention or differential exposure to the stimuli during training.

Finally, other studies using noise-vocoded speech (Shannon
et al., 1995)—a stimulus that, like SWS, is initially difficult to
hear as speech (Davis et al., 2005; Davis and Johnsrude, 2007;
Huyck and Johnsrude, 2012; Cooke et al., 2022)—have shown
similar results to the SWS studies described above, including a
response similar to the PAN reported here when comparing
responses to noise-vocoded speech after versus before training
(Sohoglu et al., 2012; Sohoglu and Davis, 2016; Karunathilake
et al., 2023). However, none of these studies used within-subject
control stimuli [although Karunathilake et al. (2023) used a con-
trol group similar to Cheng et al., (2021) to rule out order effects],
and all are potentially confounded by the task relevance.
Although similarly confounded, neuroimaging studies have con-
sistently observed differential levels of activity in (particularly
left) AC and adjacent regions for noise-vocoded speech when
heard as speech (Scott et al., 2000, 2006; Davis and Johnsrude,
2003; Narain et al., 2003; Obleser and Kotz, 2010; Wild et al.,
2012; Erb et al., 2013; Murai and Riquimaroux, 2021).

Task correlates
By comparing neural responses between phases 2 and 3, we iden-
tified correlates of task relevance in the absence of gross changes
in perception (Fig. 4). Such task-related activity was observed as
(1) a P3b (Polich, 2007; Halgren, 2008) from ∼400 to 800 ms, (2)
a late anterocentral negativity from ∼400 to 800 ms, and (3) longer
and more generalizable decoding in phase 3 (SWS task-relevant)
versus phase 2 (SWS task-irrelevant; Fig. 5). However, we did not
find significant ERP clusters for the interaction between phase
(phase 3 vs 2) and stimulation type. This suggests that while the
task introduced confounds (e.g., target detection, word identifica-
tion, working memory, decision-making), they did not strongly
depend on perception of SWS as speech. This could reflect the
fact that SWS and frequency-flipped SWS sound perceptually sim-
ilar (especially compared with pure tones) and therefore were both
treated as potentially task-relevant in phase 3. Another control for
examining task relevance that could mitigate effects of word iden-
tification (Koivisto et al., 2017) could be to use SWS tokens that are
perceived as speech (as ours were) but that are not task relevant,
where we would expect the size of the P3b to covary with similarity
of the foil stimuli to the targets (Pitts et al., 2014). In any case, the
absence of the P3b in the task-irrelevant contrast (phase 2 vs 1) and
its presence in the task-relevant contrast (phase 3 vs 2) is consistent
with recent work in both visual and auditory perceptual awareness
(Pitts et al., 2012; Cohen et al., 2020; Sergent et al., 2021).

Conclusion
Using a three-phase paradigm in which we independently manip-
ulated perception and task relevance, we identified a novel neural
difference linked with perceptual awareness of SWS words, which
we interpreted as a speech-specific version of a perceptual aware-
ness negativity (Dembski et al., 2021). Future work involving the
paradigm developed here along with other methods may help
reveal the precise neural mechanisms underlying conscious speech
perception and help address diverging predictions from neuros-
cientific theories of consciousness (Seth and Bayne, 2022).

References
Aru J, Bachmann T, Singer W, Melloni L (2012) Distilling the neural corre-

lates of consciousness. Neurosci Biobehav Rev 36:737–746.
Asilador A, Llano DA (2021) Top-down inference in the auditory system:

potential roles for corticofugal projections. Front Neural Circuits 14:
615259.

10 • J. Neurosci., February 21, 2024 • 44(8):e0145232023 Zhu et al. • ERP Signatures of Conscious Speech Perception



Auksztulewicz R, Spitzer B, Blankenburg F (2012) Recurrent neural process-
ing and somatosensory awareness. J Neurosci 32:799–805.

Baars BJ (1988) A cognitive theory of consciousness. Cambridge, UK: Cambridge
University Press.

Baars BJ (2002) The conscious access hypothesis: origins and recent evidence.
Trends Cogn Sci 6:47–52.

Bae G-Y, Luck SJ (2019) Appropriate correction for multiple comparisons
in decoding of ERP data: a re-analysis of Bae & Luck (2018).
bioRxiv:672741.

Bidelman GM (2018) Subcortical sources dominate the neuroelectric auditory
frequency-following response to speech. NeuroImage 175:56–69.

Blesser B (1972) Speech perception under conditions of spectral transforma-
tion: I. Phonetic characteristics. J Speech Hear Res 15:5–41.

Boersma P, vanHeuvenV (2001) Speak and unSpeak with PRAAT. Glot Int 5:
341–347. Available at: https://www.fon.hum.uva.nl/paul/papers/
speakUnspeakPraat_glot2001.pdf

Bola M, Doradzińska Ł (2021) Perceptual awareness negativity—does it
reflect awareness or attention? Front Hum Neurosci 15:742513.

Boly M, Massimini M, Tsuchiya N, Postle BR, Koch C, Tononi G (2017) Are
the neural correlates of consciousness in the front or in the back of the
cerebral cortex? Clinical and neuroimaging evidence. J Neurosci 37:
9603–9613.

Cheng F-Y, Xu C, Gold L, Smith S (2021) Rapid enhancement of subcortical
neural responses to sine-wave speech. Front Neurosci 15:747303.

Cohen MA, Ortego K, Kyroudis A, Pitts M (2020) Distinguishing the neural
correlates of perceptual awareness and postperceptual processing.
J Neurosci 40:4925–4935.

Cooke M, Scharenborg O, Meyer BT (2022) The time course of adaptation to
distorted speech. J Acoust Soc Am 151:2636–2646.

Crick F, Koch C (1990) Toward a neurobiological theory of consciousness.
Semin Neurosci 2:263–275. Available at: https://profiles.nlm.nih.gov/
spotlight/sc/catalog/nlm:nlmuid-101584582X469-doc

Crick F, Koch C (1998) Consciousness and neuroscience. Cereb Cortex 1998:
97–107.

Crick F, Koch C (2003) A framework for consciousness. Nat Neurosci 6:119–
126.

Cumming G (2014) The new statistics: why and how. Psychol Sci 25:7–29.
Davis MH, Johnsrude IS (2003) Hierarchical processing in spoken language

comprehension. J Neurosci 23:3423–3431.
Davis MH, Johnsrude IS (2007) Hearing speech sounds: top-down influences

on the interface between audition and speech perception. Hear Res 229:
132–147.

Davis MH, Johnsrude IS, Hervais-Adelman A, Taylor K, McGettigan C
(2005) Lexical information drives perceptual learning of distorted speech:
evidence from the comprehension of noise-vocoded sentences. J Exp
Psychol Gen 134:222–241.

Dehaene S, Changeux J-P (2011) Experimental and theoretical approaches to
conscious processing. Neuron 70:200–227.

Dehaene S, Sergent C, Changeux J-P (2003) A neuronal network model link-
ing subjective reports and objective physiological data during conscious
perception. Proc Natl Acad Sci U S A 100:8520–8525.

Dehaene S, Changeux J-P, Naccache L, Sackur J, Sergent C (2006) Conscious,
preconscious, and subliminal processing: a testable taxonomy. Trends
Cogn Sci 10:204–211.

Dehaene-Lambertz G, Pallier C, SerniclaesW, Sprenger-Charolles L, Jobert A,
Dehaene S (2005) Neural correlates of switching from auditory to speech
perception. NeuroImage 24:21–33.

Dembski C, Koch C, Pitts M (2021) Perceptual awareness negativity: a phys-
iological correlate of sensory consciousness. Trends Cogn Sci 25:
660–670.

Dienes Z (2014) Using Bayes to get the most out of non-significant results.
Front Psychol 5:781.

Dienes Z, Mclatchie N (2018) Four reasons to prefer Bayesian analyses over
significance testing. Psychon Bull Rev 25:207–218.

Doradzińska Ł, Bola M (2023) Early electrophysiological correlates of percep-
tual consciousness are affected by both exogenous and endogenous atten-
tion. Available at: https://osf.io/preprints/psyarxiv/a4cse/ [Accessed Nov.
16, 2023].

Dykstra AR, Gutschalk A (2015) Does the mismatch negativity operate on a
consciously accessible memory trace? Sci Adv 1:e1500677.

Dykstra AR, Cariani PA, Gutschalk A (2017) A roadmap for the study of con-
scious audition and its neural basis. Philos Trans R Soc B Biol Sci 372:
20160103.

Eklund R, Wiens S (2018) Visual awareness negativity is an early neural cor-
relate of awareness: a preregistered study with two Gabor sizes. Cogn
Affect Behav Neurosci 18:176–188.

Eklund R, Wiens S (2019) Auditory awareness negativity is an electrophysi-
ological correlate of awareness in an auditory threshold task. Conscious
Cogn 71:70–78.

Erb J, Henry MJ, Eisner F, Obleser J (2013) The brain dynamics of rapid per-
ceptual adaptation to adverse listening conditions. J Neurosci 33:10688–
10697.

Fernandez Pujol C, Blundon EG, Dykstra AR (2023) Laminar specificity of
the auditory perceptual awareness negativity: a biophysical modeling
study. PLoS Comput Biol 19:e1011003.

Gramfort A, Luessi M, Larson E, Engemann DA, Strohmeier D, Brodbeck C,
Parkkonen L, Hämäläinen MS (2014) MNE software for processing MEG
and EEG data. NeuroImage 86:446–460.

Gutschalk A, Micheyl C, Oxenham AJ (2008) Neural correlates of auditory
perceptual awareness under informational masking. PLoS Biol 6:e138.

Halgren E (2008) Brain states measured as the P3. In: Event-related potentials
in patients with epilepsy: from current state to future prospects (Inoue Y,
Ikeda A, eds), pp 11–26. Paris: John Libbey Eurotext.

Hamilton LS, Oganian Y, Hall J, Chang EF (2021) Parallel and distributed
encoding of speech across human auditory cortex. Cell 184:4626–
4639.e13.

Haufe S, Meinecke F, Görgen K, Dähne S, Haynes J-D, Blankertz B, Bießmann
F (2014) On the interpretation of weight vectors of linear models in mul-
tivariate neuroimaging. NeuroImage 87:96–110.

Hickok G, Poeppel D (2015) Neural basis of speech perception. Handb Clin
Neurol 129:149–160.

Hillyard SA, Squires KC, Bauer JW, Lindsay PH (1971) Evoked potential cor-
relates of auditory signal detection. Science 172:1357–1360.

Huyck JJ, Johnsrude IS (2012) Rapid perceptual learning of noise-vocoded
speech requires attention. J Acoust Soc Am 131:EL236–EL242.

Jones SR, Pritchett DL, Stufflebeam SM, Hämäläinen M, Moore CI (2007)
Neural correlates of tactile detection: a combined magnetoencephalogra-
phy and biophysically based computational modeling study. J Neurosci
27:10751–10764.

Kapoor V, Besserve M, Logothetis NK, Panagiotaropoulos TI (2018) Parallel
and functionally segregated processing of task phase and conscious con-
tent in the prefrontal cortex. Commun Biol 1:215.

Karunathilake IMD, Kulasingham JP, Simon JZ (2023) Neural tracking mea-
sures of speech intelligibility: manipulating intelligibility while keeping
acoustics unchanged. 2023.05.18.541269 Available at: https://www.
biorxiv.org/content/10.1101/2023.05.18.541269v2 [Accessed Nov. 16,
2023].

Khoshkhoo S, Leonard MK, Mesgarani N, Chang EF (2018) Neural correlates
of sine-wave speech intelligibility in human frontal and temporal cortex.
Brain Lang 187:83–91.

King J-R, Dehaene S (2014) Characterizing the dynamics of mental represen-
tations: the temporal generalization method. Trends Cogn Sci 18:203–
210.

King J-R, Gramfort A, Schurger A, Naccache L, Dehaene S (2014) Two dis-
tinct dynamic modes subtend the detection of unexpected sounds. PLoS
One 9:e85791.

Koch C, Massimini M, Boly M, Tononi G (2016) Neural correlates of con-
sciousness: progress and problems. Nat Rev Neurosci 17:307–321.

Koivisto M, Revonsuo A (2010) Event-related brain potential correlates of
visual awareness. Neurosci Biobehav Rev 34:922–934.

Koivisto M, Grassini S, Salminen-Vaparanta N, Revonsuo A (2017) Different
electrophysiological correlates of visual awareness for detection and iden-
tification. J Cogn Neurosci 29:1621–1631.

Lamme VAF (2020) Visual functions generating conscious seeing. Front
Psychol 11:83.

Lesicko AMH, Geffen MN (2022) Diverse functions of the auditory cortico-
collicular pathway. Hear Res 425:108488.

Lyons R (2010) 13.45 Spectral flipping around signal center frequency. In:
Understanding digital signal processing, 3rd ed. Upper Saddle River, NJ:
Pearson.

Lyons R (n.d.) Spectral flipping around signal center frequency. Available at:
https://www.dsprelated.com/showarticle/37.php [Accessed April 4, 2021].

Maris E (2012) Statistical testing in electrophysiological studies.
Psychophysiology 49:549–565.

Maris E, Oostenveld R (2007) Nonparametric statistical testing of EEG- and
MEG-data. J Neurosci Methods 164:177–190.

Zhu et al. • ERP Signatures of Conscious Speech Perception J. Neurosci., February 21, 2024 • 44(8):e0145232023 • 11

https://www.fon.hum.uva.nl/paul/papers/speakUnspeakPraat_glot2001.pdf
https://www.fon.hum.uva.nl/paul/papers/speakUnspeakPraat_glot2001.pdf
https://www.fon.hum.uva.nl/paul/papers/speakUnspeakPraat_glot2001.pdf
https://profiles.nlm.nih.gov/spotlight/sc/catalog/nlm:nlmuid-101584582X469-doc
https://profiles.nlm.nih.gov/spotlight/sc/catalog/nlm:nlmuid-101584582X469-doc
https://profiles.nlm.nih.gov/spotlight/sc/catalog/nlm:nlmuid-101584582X469-doc
https://osf.io/preprints/psyarxiv/a4cse/
https://osf.io/preprints/psyarxiv/a4cse/
https://www.biorxiv.org/content/10.1101/2023.05.18.541269v2
https://www.biorxiv.org/content/10.1101/2023.05.18.541269v2
https://www.biorxiv.org/content/10.1101/2023.05.18.541269v2
https://www.dsprelated.com/showarticle/37.php
https://www.dsprelated.com/showarticle/37.php


Morey R (2023) Richarddmorey/BayesFactor. Available at: https://github.
com/richarddmorey/BayesFactor [Accessed Nov. 19, 2023].

Möttönen R, Calvert GA, Jääskeläinen IP, Matthews PM, Thesen T,
Tuomainen J, Sams M (2006) Perceiving identical sounds as speech or
non-speech modulates activity in the left posterior superior temporal sul-
cus. NeuroImage 30:563–569.

Murai SA, Riquimaroux H (2021) Neural correlates of subjective comprehen-
sion of noise-vocoded speech. Hear Res 405:108249.

Narain C, Scott SK, Wise RJS, Rosen S, Leff A, Iversen SD, Matthews PM
(2003) Defining a left-lateralized response specific to intelligible speech
using fMRI. Cereb Cortex 13:1362–1368.

Obleser J, Kotz SA (2010) Expectancy constraints in degraded speech modu-
late the language comprehension network. Cereb Cortex 20:633–640.

Overgaard M (2004) Confounding factors in contrastive analysis. Synthese
141:217–231.

Panagiotaropoulos TI, Deco G, Kapoor V, Logothetis NK (2012) Neuronal
discharges and gamma oscillations explicitly reflect visual consciousness
in the lateral prefrontal cortex. Neuron 74:924–935.

Pitts MA, Martínez A, Hillyard SA (2012) Visual processing of contour patterns
under conditions of inattentional blindness. J Cogn Neurosci 24:287–303.

Pitts MA, Padwal J, Fennelly D, Martínez A, Hillyard SA (2014) Gamma band
activity and the P3 reflect post-perceptual processes, not visual awareness.
NeuroImage 101:337–350.

Polich J (2007) Updating P300: an integrative theory of P3a and P3b. Clin
Neurophysiol 118:2128–2148.

Remez RE (2008) Sine-wave speech. Scholarpedia 3:2394.
Remez RE, Rubin PE, Pisoni DB, Carrell TD (1981) Speech perception with-

out traditional speech cues. Science 212:947–949.
Schlossmacher I, Dellert T, Bruchmann M, Straube T (2021) Dissociating

neural correlates of consciousness and task relevance during auditory pro-
cessing. NeuroImage 228:117712.

Schröder P, Schmidt TT, Blankenburg F (2019) Neural basis of somatosen-
sory target detection independent of uncertainty, relevance, and reports
de Lange F, Gold JI, de Lange F, Bekinschtein TA, eds. eLife 8:e43410.

Scott SK (2019) From speech and talkers to the social world: the neural pro-
cessing of human spoken language. Science 366:58–62.

Scott SK, Blank CC, Rosen S, Wise RJS (2000) Identification of a pathway for
intelligible speech in the left temporal lobe. Brain 123:2400–2406.

Scott SK, Rosen S, Lang H, Wise RJS (2006) Neural correlates of intelligibility
in speech investigated with noise vocoded speech—a positron emission
tomography study. J Acoust Soc Am 120:1075–1083.

Sergent C, Corazzol M, Labouret G, Stockart F, Wexler M, King J-R, Meyniel
F, Pressnitzer D (2021) Bifurcation in brain dynamics reveals a signature
of conscious processing independent of report. Nat Commun 12:1149.

Seth AK, Bayne T (2022) Theories of consciousness. Nat Rev Neurosci 23:
439–452.

Shafto JP, Pitts MA (2015) Neural signatures of conscious face perception in
an inattentional blindness paradigm. J Neurosci 35:10940–10948.

Shannon RV, Zeng F-G, Kamath V, Wygonski J, Ekelid M (1995) Speech rec-
ognition with primarily temporal cues. Science 270:303–304.

Smith S, Nichols T (2009) Threshold-free cluster enhancement: addressing
problems of smoothing, threshold dependence and localisation in cluster
inference. NeuroImage 44:83–98.

Snyder JS, Yerkes BD, Pitts MA (2015) Testing domain-general theories of
perceptual awareness with auditory brain responses. Trends Cogn Sci
19:295–297.

Sohoglu E, Davis MH (2016) Perceptual learning of degraded speech by min-
imizing prediction error. Proc Natl Acad Sci U S A 113:E1747–E1756.

Sohoglu E, Peelle JE, Carlyon RP, Davis MH (2012) Predictive top-down
integration of prior knowledge during speech perception. J Neurosci 32:
8443–8453.

Tichko P, Skoe E (2017) Frequency-dependent fine structure in the
frequency-following response: the byproduct of multiple generators.
Hear Res 348:1–15.

Tsuchiya N, Wilke M, Frässle S, Lamme VAF (2015) No-report paradigms:
extracting the true neural correlates of consciousness. Trends Cogn Sci
19:757–770.

Tuomainen J, Andersen TS, Tiippana K, Sams M (2005) Audio–visual speech
perception is special. Cognition 96:B13–B22.

VanHedger S, Heald S, NusbaumH, Batterink L, DavisM, Johnsrude I (2019)
Learning different forms of degraded speech as a cognitive skill. In:
Annual Meeting of the Psychonomic Society.

Wagenmakers E-J, et al. (2018) Bayesian inference for psychology. Part I:
theoretical advantages and practical ramifications. Psychon Bull Rev 25:
35–57.

Wiegand K, Heiland S, Uhlig CH, Dykstra AR, Gutschalk A (2018) Cortical
networks for auditory detection with and without informational masking:
task effects and implications for conscious perception. NeuroImage 167:
178–190.

Wild CJ, Davis MH, Johnsrude IS (2012) Human auditory cortex is sensitive
to the perceived clarity of speech. NeuroImage 60:1490–1502.

Winer JA (2005) Decoding the auditory corticofugal systems. Hear Res 207:1–9.

12 • J. Neurosci., February 21, 2024 • 44(8):e0145232023 Zhu et al. • ERP Signatures of Conscious Speech Perception

https://github.com/richarddmorey/BayesFactor
https://github.com/richarddmorey/BayesFactor
https://github.com/richarddmorey/BayesFactor

	 Introduction
	 Materials and Methods
	Outline placeholder
	Outline placeholder
	 Ethics statement
	 Participants
	 Stimuli
	 Experimental paradigm
	 EEG recording
	 Preprocessing
	 Mass univariate analysis
	 Bayes factors
	 Multivariate pattern analysis



	 Results
	 Behavior
	 EEG
	 Multivariate pattern analysis

	 Discussion
	 Perceptual awareness negativity
	 Neural correlates of speech perception
	 Task correlates

	 Conclusion
	 References

